Reactive oxygen species (ROS) were initially recognized as toxic by-products of aerobic metabolism. In recent years, it has become apparent that ROS plays an important signaling role in plants, controlling processes such as growth, development and especially response to biotic and abiotic environmental stimuli. The major members of the ROS family include free radicals like O
INTRODUCTION
Molecular oxygen was introduced to the early reducing atmosphere of the Earth about 2.7 billion years ago by O 2 -evolving photosynthetic organisms, causing the advent of the reactive oxygen species (ROS) as unwanted byproducts (Halliwell, 2006) . Aerobic metabolism constantly generates ROS which are confined to the different plant cellular compartments, like the chloroplast, mitochondria and peroxisomes. Recent findings also shed light on the role of apoplast as a site for ROS generation (Jubany-Marí et al., 2009; Roychoudhury and Basu, 2012) . Under favorable conditions, ROS is constantly being generated at basal levels. However, they are unable to cause damage, as they are being scavenged by different antioxidant mechanisms (Foyer and Noctor, 2005) . The delicate balance between ROS generation and ROS scavenging is disturbed by the different types of stress factors like salinity, drought, extreme temperatures, heavy metals, pollution, high irradiance, pathogen infection, etc (Figure 1) . The survival of the plants, therefore depends on many important factors like change in growth conditions, severity and duration of stress conditions and the capacity of the plants to quickly adapt to changing energy equation (Miller et al., 2010) . Estimates show that only 1-2% of the O 2 consumption by plant tissues, leads to the formation of ROS.
The ROS mainly comprise of 1 O 2 , H 2 O 2 , O
•− 2 , and OH • . These are very lethal and causes extensive damage to protein, DNA and lipids and thereby affects normal cellular functioning (Apel and Hirt, 2004; Foyer and Noctor, 2005) . Redox homeostasis in plants during stressful conditions, is maintained by two arms of the antioxidant machinery-the enzymatic components comprising of the superoxide dismutase (SOD), ascorbate
The ROS is being constantly generated in the chloroplasts due to partial reduction of O 2 or as a result of transfer of energy to O 2 . The superoxide radical (O
•−
2 ) is formed mainly in the thylakoidlocalized PSI during non-cyclic electron transport chain (ETC), as well as other cellular compartments. Normally, H 2 O is generated when cytochrome c oxidase interacts with O 2 . Occasionally, O 2 reacts with the different ETC components to give rise to the O (Halliwell, 2006) .
Singlet Oxygen is an atypical ROS which is generated not by electron transfer to O 2 , but rather by the reaction of chlorophyll (Chl) Environmental stresses like salinity, drought and heavy metals cause stomatal closure, leading to insufficient intracellular CO 2 concentration. This favors the formation of 1 O 2 . Singlet oxygen can cause severe damages to both the photosystems, PSI and PSII, and puts the entire photosynthetic machinery into jeopardy. Even though 1 O 2 has a short half-life of about 3 μs (Hatz et al., 2007) , it can manage to diffuse some 100 nanometers and causes damage to wide range of targets. These include molecules like proteins, pigments, nucleic acids and lipids (Wagner et al., 2004; Krieger-Liszkay et al., 2008) , and is the major ROS responsible for light-induced loss of PSII activity, eliciting cellular death. Plants have managed to efficiently scavenge 1 O 2 with the help of β-carotene, tocopherol, plastoquinone, and can also react with the DI protein of PSII. Alternatively, singlet oxygen plays a role in up regulating genes which are responsible for providing protection against photo-oxidative stress (Krieger-Liszkay et al., 2008) .
Hydrogen peroxide, a moderately reactive ROS is formed when O
•− 2 undergoes both univalent reduction as well as protonation. It can occur both non-enzymatically by being dismutated to H 2 O 2 under low pH conditions, or mostly by a reaction catalyzed by SOD.
2O
•
H 2 O 2 is produced in plant cells not only under normal conditions, but also by oxidative stress, caused by factors like drought, chilling, intense light, UV radiation, wounding, and pathogen infection (Sharma et al., 2012) . Due to stomatal closure and low availability of CO 2 and its limited fixation, Ribulose 1, 5-bisphosphate (RuBP) oxygenation is favored and thus photorespiration is enhanced. This accounts for more than 70% of the H 2 O 2 produced as a result of drought stress (Noctor et al., 2002 ). The major sources of H 2 O 2 production in plant cells include the ETC in the chloroplast, mitochondria, ER, cell membrane, β-oxidation of fatty acid and photorespiration. Additional sources comprise of different reactions involving photo-oxidation by NADPH oxidase and xanthine oxidase (XOD). H 2 O 2 in plants behaves like double-edged sword; it is beneficial at low concentrations, but damaging at higher concentrations in the cell. At low intracellular concentrations, it acts as a regulatory signal for essential physiological processes like senescence (Peng et al., 2005) , photorespiration and photosynthesis (Noctor et al., 2002) , stomatal movement (Bright et al., 2006) , cell cycle and growth and development (Tanou et al., 2009a,b) . Due to its significantly longer half-life of 1 ms, compared to other ROS members, it can traverse longer distances and cross plant cell membranes. It can cross membranes via aquaporins and cover considerable lengths within the cell (Bienert et al., 2007 ) and cause oxidative damage. H 2 O 2 at high intracellular concentration oxidizes both cysteine (-SH) and methionine (-SCH 3 ) residues and inactivates Calvin cycle enzymes, Cu/Zn SOD and Fe-SOD by oxidizing their thiol groups (Halliwell, 2006) . It causes 50% loss in activity of different enzymes like fructose 1, 6 bisphosphatase, sedoheptulose 1, 7 bisphosphatase and phosphoribulokinase, at concentrations of 10 μM H 2 O 2 and is also responsible for programmed cell death at high cellular concentrations (Dat et al., 2000) . However, like O •− 2 , H 2 O 2 is moderately reactive; therefore, its damage is fully realized only when it is converted into more reactive species.
HYDROXYL RADICAL (OH • )
Among its family members, hydroxyl radical (OH • ) is the most reactive and the most toxic ROS known. It is generated at neutral pH by the Fenton reaction between H 2 O 2 and O
•−
2 catalyzed by transition metals like Fe (Fe 2+ , Fe 3+ ).
It has the capability to damage different cellular components by lipid peroxidation (LPO), protein damage and membrane destruction. Since there is no existing enzymatic system to scavenge this toxic radical, excess accumulation of OH • causes the cellular death (Pinto et al., 2003) .
SITES OF ROS PRODUCTION IN PLANT CELLS
The ROS is being produced under both normal and stressful conditions at various locations in the chloroplasts, mitochondria, peroxisomes, plasma membranes, ER and the cell wall. In presence of light, chloroplasts and peroxisomes are the major sources of ROS production, while the mitochondrion is the leading producer of ROS under dark conditions (Choudhury et al., 2013) .
efficient light harvesting (Pfannschmidt, 2003 (Miller et al., 2010) . The other accomplices of leaking electrons from the ETC of PSI are the 2Fe-2S and the 4Fe-4S clusters. In the PSII, seepage of electrons occurs, via the Q A and Q B electron acceptors and is responsible for the generation of O (Karuppanapandian et al., 2011) . Secondly, when the ETC is over reduced, the light harvesting complex (LHC) at the PSII generates 1 O 2 (Asada, 2006) . The 1 O 2 accumulating in the chloroplast causes peroxidation of membrane lipids, and especially Polyunsaturated Fatty Acids (PUFA) and damages membrane proteins which put the P680 reaction center of PSII at risk. It could also directly lead to cell death Triantaphylidès et al., 2008) . The involvement of the chloroplast in oxidative stress-induced programmed cell death was revealed when animal anti-apoptotic Bcl-2 was expressed in transgenic tobacco (Chen and Dickman, 2004) . The 1 O 2 can also initiate a genetic program, via the EXECUTOR1 and EXECUTOR2 pathways and lead to growth inhibition in plants (Lee et al., 2007) . Thus, the chloroplast is a major source of ROS production in plants. To ensure the continual survival of plants under stress, controlling and scavenging the ROS in the chloroplast is very essential, as shown in transgenic plants, as well in stress-tolerant cultivars (Tseng et al., 2007) . (Navrot et al., 2007) , though in a smaller scale. Plant mitochondria differ from animal counterparts in having O 2 and carbohydrate-rich environment (Rhoads et al., 2006) and also being involved in photorespiration. The mitochondrial ETC (mtETC) is the major culprit as it houses sufficiently energized electrons to reduce O 2 to form the ROS. The two major components of the mtETC responsible for producing ROS are Complex I and Complex III Noctor et al., 2007 (Murphy, 2009) . Other sources of ROS production in the mitochondria are the various enzymes present in the mitochondrial matrix. This include enzymes like aconitase which directly produces ROS and others like 1-Galactono-γ-lactone dehydrogenase (GAL) which indirectly produce ROS by feeding electrons to the ETC (Rasmusson et al., 2008) . Even though O
•− 2 is the leading ROS in the mitochondria, it is converted to H 2 O 2 by the Mn-SOD and the APX (Sharma et al., 2012) . Estimates show that 1-5% of the total O 2 consumption by the mitochondria is diverted toward production of H 2 O 2 . Mitochondrion generally produces ROS during normal conditions, but is greatly boosted at times of abiotic stress conditions (Pastore et al., 2007) . Such stressful conditions affect the tight coupling of ETC and ATP synthesis, leading to over reduction of electron carriers like ubiquinone (UQ) pool, thereby generating ROS (Rhoads et al., 2006; Blokhina and Fagerstedt, 2010) . Since respiratory rate increases during drought, the mitochondrial ATP synthesis increases to compensate for the lower rate of chloroplast ATP synthesis, enhancing the mitochondrial ROS production (Atkin and Macherel, 2009 ). To counteract this oxidative stress in the mitochondria, two enzymes, Mitochondrial Alternative Oxidase (AOX) and Mitochondrial SOD (Mn-SOD) are very crucial. The AOX maintains the reduced state of the UQ pool and cuts down the ROS production. Its importance is evident from the fact that Arabidopsis lacking a functional AOX is sensitive to drought stress and has altered transcription profiles of different components of the antioxidant machinery (Ho et al., 2008) . On the other hand, the higher activity of Mn-SOD clearly made the difference between a salt-tolerant cultivar and a saltsensitive cultivar of tomato under salinity stress (Mittova et al., 2003) .
PEROXISOMES
Peroxisomes are single-membrane-bound spherical microbodies and are the major sites of intracellular H 2 O 2 production due to their integral oxidative metabolism (Luis et al., 2006; Palma et al., 2009) •− 2 production. The NADH acts as the electron donor of the 18 and 32 kDa PMPs, whereas the 29 kDa PMP uses the NADPH as the electron donor to reduce Cytochrome c. During stressful conditions, when the availability of water is low and stomata remains closed, the ratio of CO 2 to O 2 reduces considerably which causes increased photorespiration leading to glycolate formation. This glycolate is oxidized by the glycolate oxidase in peroxisome to release H 2 O 2 , making it the leading producer of H 2 O 2 during photorespiration (Noctor et al., 2002) . Besides, there are other supplemental metabolic processes like β-oxidation of fatty acids, flavin oxidase pathway and the disproportionation of O
•− 2 radicals for peroxisomal ROS production.
APOPLAST
Apoplast, the diffusible space around the plant cell membrane is responsible for converting the incoming CO 2 into a soluble, diffusible form which enters the cytosol to undergo photosynthesis. At times of adverse environmental conditions, stress signals combined with abscisic acid (ABA) make the apoplast a prominent site for H 2 O 2 production (Hu et al., 2006) . The NADPH oxidases expressed by the AtRbohD and AtRbohF in the guard cells and the mesophyll cells of Arabidopsis, account for generating the apoplastic ROS which is required for ABA-induced stomatal closure (Kwak et al., 2003) . Besides these enzymes, there are additional ROS-generating enzymes which comprise of pH dependent peroxidases (POXs), cell wall-linked oxidases, germin-like oxalate oxidases and polyamine oxidases, all of which mainly produce H 2 O 2 .
PLASMA MEMBRANES
Plasma membrane which surrounds the entire plant cell plays an important role in interacting with the ever changing environmental conditions and provides information necessary for the continual survival of the cell. The NADPH-dependent-oxidases which are localized in the plasma membrane are in the spotlight due to their gene expression and presence of different homologs during different stress conditions (Apel and Hirt, 2004) . The NADPH oxidase produces O
•− 2 by transferring electrons from cytosolic NADPH to O 2 , which either spontaneously dismutates to H 2 O 2 or is catalyzed by SOD. The fact that NADPH oxidase plays an important role in plant defense against pathogenic infection and abiotic stress conditions (Kwak et al., 2003) is well supported.
CELL WALLS
During stress, the cell wall-localized lipoxygenase (LOX) causes hydroperoxidation of polyunsaturated fatty acids (PUFA) making it active source of ROS like OH • , O
•− 2 , H 2 O 2 , and 1 O 2 . The cell wall-localized diamine oxidases utilize diamines or polyamines to generate ROS in the cell wall. During pathogen attack, lignin precursors undergo extensive cross-linking, via H 2 O 2 -mediated pathways to reinforce the cell wall with lignin (Higuchi, 2006) .
ENDOPLASMIC RETICULUM (ER)
The NADPH-mediated electron transport involving CytP 450 , localized in the ER generates O
•− 2 (Mittler, 2002 
TARGETS OF ROS
ROS is known to cause damages to biomolecules such as lipids, proteins and DNA (Figure 3) . 
LIPIDS
Lipids form a major portion of the plasma membrane which envelopes the cell and helps it to adapt to the changing environment. However, under stressful conditions, when the level of ROS rise above the threshold value, LPO becomes so damaging that it is often considered as the single parameter to gauge lipid destruction. LPO starts a chain reaction and further exacerbates oxidative stress by creating lipid radicals which damages proteins and DNA. The two main targets of the ROS in membrane phospholipids are the double bond between C-atoms and the ester linkage between glycerol and fatty acids. The PUFA which are important components of the plasma membrane are the hotspots for ROS damage. PUFAs like linoleic and linolenic acid are specifically prone to attack by ROS like 1 O 2 and OH • . The hydroxyl radical (OH • ) is the most damaging member as it has the ability to trigger a cyclic chain reaction and cause further peroxidation of other PUFAs.
The entire process of LPO can be divided into three distinct phases, Initiation, Progression, and Termination. Initiation involves energizing the O 2 (a rate limiting step) to give rise to radicals like O
•− 2 and OH • . These ROS react with the methylene groups of the PUFA, yielding conjugated dienes, lipid peroxyl radicals and hydroperoxides (Smirnoff, 2000) .
The PUFA peroxyl radical once formed possesses the ability to further propagate the LPO by extracting one H-atom from adjoining PUFA side chains. The lipid hydroperoxide (PUFA-OOH) undergoes cleavage by reacting with reduced metals such as Fe 2+ .
PUFA-OO
The lipid hydroperoxides can also undergo decomposition to form different reactive species such as lipid alkoxyl radicals, aldehydes, alkanes, lipid epoxides, and alcohols. LPO terminates with the formation of different lipid dimers caused by different lipid derived radicals.
Overall, the LPO increases membrane fluidity causing the membrane to be leaky to substances which otherwise enter the cell through special channels, damage the membrane proteins, deactivate the membrane receptors, membrane-localized enzymes and ion-channels.
PROTEINS
The ROS produced during stress conditions causes the oxidation of proteins. The protein undergoes different types of modifications which may either be direct or indirect. During direct modifications, the activity of the protein becomes varied as a result of different chemical modifications such as nitrosylation, carboxylation, disulfide bond formation, and glutathionylation. Protein carbonylation is often used as a marker for evaluating protein oxidation . Indirect modification of proteins can occur as a result of interaction with the products of LPO. The ROS concentration, on crossing its threshold value, leads to the site-specific modification of amino acids like Arg, Lys, Pro, Thr, and Trp, and increased susceptibility to proteolytic degradation . The amino acids differ in their susceptibility to ROS attack. Amino acids containing thiol groups and sulfur are the most vulnerable. The Cys and Met are both prone to damage by the reactive 1 O 2 and OH • . The enzymes containing iron-sulfur centers are irreversibly inactivated on getting oxidized by O
•− 2 . The oxidized proteins thus become better targets for proteolytic digestion by getting primed for ubiquitination-mediated proteosomal degradation.
DNA
Since the plant nuclear DNA is well protected by histones and associated proteins, both mitochondrial and chloroplastic DNA bears the brunt of the ROS attack due to lack of protective histones as well as the close proximity to ROS production machinery. Oxidative damage of DNA as a result of ROS occurs at multiple levels which include oxidation of the deoxyribose sugar residue, modification of the nucleotide base, abstraction of a nucleotide, breaks in either DNA strand, and cross-linking of the DNA and protein. The hydroxyl radical not only damages the deoxyribose sugar backbone by extracting H-atom, but also reacts with double bonds of the purine and pyrimidine bases (Halliwell, 2006) . The ROS abstracts the C-4 H-atom of the deoxyribose sugar and forms a deoxyribose radical which reacts further to cause single strand breaks in the DNA (Evans et al., 2004) . The damaged products as a result of base oxidation include the most common 8-hydroxyquinine and other less common ones like hydroxyl methyl urea, dehydro-2 -deoxyguanosine, thymine glycol, and thymine and adenine ring opened. The OH • is also notorious for creating DNA-protein cross-links when it reacts with either DNA or associated proteins. These cross-links are not easily reparable and may be lethal to the plant cell, if not repaired in time before commencement of critical cellular processes like replication or transcription.
ROS DEFENSE MACHINERY
The ROS defense mechanism consists of the antioxidant machinery which helps to mitigate the above mentioned oxidative stress-induced damages. The antioxidant machinery has two arms with the enzymatic components and non-enzymatic antioxidants ( Table 2) .
ENZYMATIC ANTIOXIDANTS
The enzymes localized in the different subcellular compartments and comprising the antioxidant machinery include Superoxide Dismutase (SOD), Catalase (CAT), Ascorbate Peroxidase (APX), Monodehydroascorbate reductase (MDHAR), Dehydroascorbate reductase (DHAR), Glutathione Reductase (GR), and Guaiacol Peroxidase (GPX).
Superoxide Dismutase (SOD)
SOD (E.C.1.15.1.1) belongs to the family of metalloenzymes omnipresent in all aerobic organisms. Under environmental stresses, SOD forms the first line of defense against ROS-induced damages. The SOD catalyzes the removal of O
•− 2 by dismutating it into O 2 and H 2 O 2 . This removes the possibility of OH • formation by the Haber-Weiss reaction. SODs are classified into three isozymes based on the metal ion it binds, Mn-SOD (localized in mitochondria), Fe-SOD (localized in chloroplasts), and Cu/Zn-SOD (localized in cytosol, peroxisomes, and chloroplasts) (Mittler, 2002) . SOD has been found to be up regulated by abiotic stress conditions (Boguszewska et al., 2010) .
Catalase (CAT)
CAT (E.C.1.11.1.6) is a tetrameric heme-containing enzyme responsible for catalyzing the dismutation of H 2 O 2 into H 2 O and O 2 . It has high affinity for H 2 O 2 , but lesser specificity for organic peroxides (R-O-O-R). It has a very high turnover rate (6 × 10 6 molecules of H 2 O 2 to H 2 O and O 2 min −1 ) and is unique amongst antioxidant enzymes in not requiring a reducing equivalent. Peroxisomes are the hotspots of H 2 O 2 production due to β-oxidation of fatty acids, photorespiration, purine catabolism and oxidative stress (Mittler, 2002) . However, recent reports suggest that CAT is also found in other subcellular compartments such as the cytosol, chloroplast and the mitochondria, though significant CAT activity is yet to be seen (Mhamdi et al., 2010) . Angiosperms have been reported to have three CAT genes. CAT1 is expressed in pollens and seeds (localized in peroxisomes and cytosol), CAT2 predominantly expressed in photosynthetic tissues but also in roots and seeds (localized in peroxisomes and cytosol) and finally CAT3 is found to be expressed in leaves and vascular tissues (localized in the mitochondria). Stressful conditions demand greater energy generation and expenditure of the cell. This is fulfilled by increased catabolism which generates H 2 O 2 . CAT removes the H 2 O 2 in an energy efficient way.
Ascorbate peroxidase (APX)
APX (E.C.1.1.11.1) is an integral component of the AscorbateGlutathione (ASC-GSH) cycle. While CAT predominantly scavenges H 2 O 2 in the peroxisomes, APX performs the same function in the cytosol and the chloroplast. The APX reduces H 2 O 2 to H 2 O and DHA, using Ascorbic acid (AA) as a reducing agent.
The APX family comprises of five isoforms based on different amino acids and locations, viz., cytosolic, mitochondrial, peroxisomal, and chloroplastid (stromal and thylakoidal) (Sharma and Dubey, 2004) . Since APX is widely distributed and has a better affinity for H 2 O 2 than CAT, it is a more efficient scavenger of H 2 O 2 at times of stress.
Monodehydroascorbate reductase (MDHAR)
MDHAR (E.C.1.6.5.4) is responsible for regenerating AA from the short-lived MDHA, using NADPH as a reducing agent, ultimately replenishing the cellular AA pool. Since it regenerates AA, it is co-localized with the APX in the peroxisomes and mitochondria, where APX scavenges H 2 O 2 and oxidizes AA in the process (Mittler, 2002) . MDHAR has several isozymes which are confined in chloroplast, mitochondria, peroxisomes, cytosol, and glyoxysomes.
Dehydroascorbate reductase (DHAR)
DHAR (M.C.1.8.5.1) reduces dehydroascorbate (DHA) to AA using Reduced Glutathione (GSH) as an electron donor (Eltayeb et al., 2007) . This makes it another agent, apart from MDHAR, which regenerates the cellular AA pool. It is critical in regulating the AA pool size in both symplast and apoplast, thus maintaining the redox state of the plant cell (Chen and Gallie, 2006) . DHAR is found abundantly in seeds, roots and both green and etiolated shoots.
DHA + 2GSH → AA + GSSG
Glutathione Reductase (GR)
GR (E.C.1.6.4.2) is a flavoprotein oxidoreductase which uses NADPH as a reductant to reduce GSSG to GSH. Reduced glutathione (GSH) is used up to regenerate AA from MDHA and DHA, and as a result is converted to its oxidized form (GSSG).
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December 2014 | Volume 2 | Article 53 | 7 GR, a crucial enzyme of ASC-GSH cycle catalyzes the formation of a disulfide bond in glutathione disulfide to maintain a high cellular GSH/GSSG ratio. It is predominantly found in chloroplasts with small amounts occurring in the mitochondria and cytosol. GSH is a low molecular weight compound which plays the role of a reductant to prevent thiol groups from getting oxidized, and react with detrimental ROS members like 1 O 2 and OH • .
Guaiacol peroxidase (GPX)
GPX (E.C.1.11.1.7) is a heme-containing enzyme composed of 40-50 kDa monomers, which eliminates excess H 2 O 2 both during normal metabolism as well as during stress. It plays a vital role in the biosynthesis of lignin as well as defends against biotic stress by degrading indole acetic acid (IAA) and utilizing H 2 O 2 in the process. GPX prefers aromatic compounds like guaiacol and pyragallol (Asada, 1999) as electron donors. Since GPX is active intracellularly (cytosol, vacuole), in the cell wall and extracellularly, it is considered as the key enzyme in the removal of H 2 O 2 .
NON-ENZYMATIC ANTIOXIDANTS
The non-enzymatic antioxidants form the other half of the antioxidant machinery, comprising of AA, GSH, α-tocopherol, carotenoids, phenolics, flavonoids, and amino acid cum osmolyte proline. They not only protect different components of the cell from damage, but also play a vital role in plant growth and development by tweaking cellular process like mitosis, cell elongation, senescence and cell death (de Pinto and De Gara, 2004) .
Ascorbic Acid (AA)
AA is the most abundant and the most extensively studied antioxidant compound. It is considered powerful as it can donate electrons to a wide range of enzymatic and non-enzymatic reactions. Majority of AA in plant cells is the result of Smirnoff-Wheeler pathway, catalyzed by L-galactano-γ-lactone dehydrogenase in the plant mitochondria, with the remaining being generated from D-galacturonic acid. 90% of the AA pool is concentrated not only in the cytosol, but also substantially in apoplast, thus making it the first line of defense against ROS attack (Barnes et al., 2002) . AA is oxidized in two successive steps, starting with oxidation into MDHA, which if not reduced immediately to ascorbate, disproportionates to AA and DHA. It reacts with H 2 O 2 , OH • , O
•− 2 , and regenerates α-tocopherol from tocopheroxyl radical, thereby protecting the membranes from oxidative damage (Shao et al., 2005) . It also protects and preserves the activities of metalbinding enzymes. AA in its reduced state acts as the cofactor of violaxanthine de-epoxidase and maintains the dissipation of the excess excitation energy (Smirnoff, 2000) . AA has also been reported to be involved in preventing photo-oxidation by pHmediated modulation of PSII activity and its down regulation, associated with zeaxanthine formation.
Reduced glutathione (GSH)
Glutathione is a low molecular weight thiol tripeptide (γ-glutamyl-cysteinyl-glycine) abundantly found in almost all cellular compartments like cytosol, ER, mitochondria, chloroplasts, vacuoles, peroxisomes, and even the apoplast. It is involved in a wide range of processes like cell differentiation, cell growth/division, cell death and senescence, regulation of sulfate transport, detoxification of xenobiotics, conjugation of metabolites, regulation of enzymatic activity, synthesis of proteins and nucleotides, synthesis of phytochelatins and finally expression of stress responsive genes (Mullineaux and Rausch, 2005) . This versatility of GSH is all due to its high reductive potential. A central cysteine residue with nucleophilic character is the source of its reducing power. GSH scavenges H 2 O 2 , 1 O 2 , OH • , and O
•− 2 and protects the different biomolecules by forming adducts (glutathiolated) or by reducing them in presence of ROS or organic free radicals and generating GSSG as a by-product. GSH also plays a vital role in regenerating AA to yield GSSG. The GSSG thus generated is converted back to GSH, either by de novo synthesis or enzymatically by GR. This ultimately replenishes the cellular GSH pool. GSH also helps in the formation of phytochelatins via phytochelatin synthase (Roychoudhury et al., 2012a) , which helps to chelate heavy metal ions and thus scavenges another potential source of ROS formation in plants (Roy Choudhury et al., 2012b) . Therefore, the delicate balance between GSH and GSSG is necessary for maintaining the redox state of the cell.
α-Tocopherol
The α-tocopherol belongs to a family of lipophilic antioxidants which are efficient scavengers of ROS and lipid radicals, making them indispensable protectors and essential components of biological membranes (Holländer-Czytko et al., 2005; Kiffin et al., 2006) . The α-tocopherol has the highest antioxidant capability among the four isomers (α-, β-, γ-, δ-). The tocopherols are synthesized only by photosynthetic organisms and thus only present in green tissues of plants. The α-tocopherol is synthesized from γ-tocopherol by γ-tocopherol-methyl-transferase (γ-TMT encoded by VTE4). Tocopherols are known for their ability to protect lipids and other membrane constituents of the chloroplasts by reacting with O 2 and quenching its excess energy, thus protecting the PSII, both structurally and functionally. Tocopherol also serves as an effective free radical trap by halting the chain propagation step of the LPO cycle. It reacts with the lipid radicals RO • , ROO • , and RO * at the membrane-water interface, where α-tocopherol reduces them and itself gets converted into TOH • . The TOH • radical undergoes recycling to its reduced form by interacting with GSH and AA (Igamberdiev et al., 2004) .
Carotenoids
Carotenoids belong to family of lipophilic antioxidants which are localized in the plastids of both photosynthetic and nonphotosynthetic plant tissues. They are found not only in plants, but also in micro-organisms. They belong to a group of antennae molecules which absorbs light in the 450-570 nm and transfers the energy to the chlorophyll molecule. Carotenoids exhibit their antioxidative activity by protecting the photosynthetic machinery in four ways, (a) reacting with LPO products to end the chain reactions, (b) scavenging 1 O 2 and generating heat as a byproduct, (c) preventing the formation of 1 O 2 by reacting with 3 Chl * and excited chlorophyll (Chl * ), and (d) dissipating the excess excitation energy, via the xanthophyll cycle.
Flavonoids
Flavonoids are widely found in the plant kingdom occurring commonly in the leaves, floral organs and pollen grains. Flavonoids can be classified into four classes on the basis of their structure, flavonols, flavones, isoflavones, and anthocyanins. They have diverse roles in providing pigmentation in flowers, fruits and seeds involved in plant fertility and germination of pollen and defense against plant pathogens. Flavonoids have been considered as a secondary ROS scavenging system in plants experiencing damage to the photosynthetic apparatus, due to the excess excitation energy (Fini et al., 2011) . They also have a role in scavenging 1 O 2 and alleviate the damages caused to the outer envelope of the chloroplastic membrane (Agati et al., 2012) .
Proline
Proline, an osmolyte is also regarded as a powerful antioxidant. It is widely used across the different kingdoms as a nonenzymatic antioxidant to counteract the damaging effects of different ROS members. Proline is synthesized using glutamic acid as a substrate, via a pyrroline 5-carboxylate (P5C) intermediate. This pathway in plants is catalyzed by two enzymes, ð 1 -pyrroline-5-carboxylate synthetase (P5CS) and Pyrroline-5-carboxylate reductase (P5CR). It is an efficient scavenger of OH • and 1 O 2 and can inhibit the damages due to LPO. During stress, proline accumulates in plants in large amounts which is either due to enhanced synthesis or reduced degradation (Verbruggen and Hermans, 2008) .
ANTIOXIDANT REGULATION FOR ENVIRONMENTAL STRESS TOLERANCE
Increased SOD activity in response to drought stress was detected in three different cultivars of Phaseolus vulgaris (Zlatev et al., 2006) and Oryza sativa (Sharma and Dubey, 2005a,b) . The SOD activity was found to be heightened during drought stress in the leaves of white clover, viz., Trifolium repens L. (Chang-Quan and Rui-Chang, 2008) . The SOD activity was found to be up regulated during salt stress in many plants like chickpea (Kukreja et al., 2005) and tomato (Gapiñska et al., 2008) . All three isoforms of SOD have been found to be expressed in chickpea in response to salinity stress (Eyidogan and Öz, 2007) . Transgenic Arabidopsis overexpressing Mn-SOD was found to have enhanced salt tolerance (Wang et al., 2004) . SOD activity was increased by UV-B radiation in pea, wheat, Arabidopsis and rice, but not affected in barley and soybean. In a field study, supplemental UV-B increased SOD activity in wheat and mungbean, and caused differential responses among soybean cultivars (Agrawal et al., 2009 ). The CAT activity was found to increase especially in drought-sensitive varieties of wheat (Simova-Stoilova et al., 2010) . Cicer arietinum under salt stress also have increased CAT activity in both leaves (Eyidogan and Öz, 2007) and roots (Kukreja et al., 2005) . Increased CAT activity under cadmium stress has been reported in Phaseolus aureus, Pisum sativum, Lemna minor, barley and sunflower (Sreedevi and Krishnan, 2012) . When the antioxidant profile of drought-tolerant and drought-susceptible genotypes of wheat were compared, it was found out that the drought-tolerant genotype C306 showed higher APX and CAT activity, and AA content with lower H 2 O 2 and MDA content than the droughtsusceptible genotype, HD2329 (Sairam et al., 1998) . When APX was overexpressed in the chloroplasts of Nicotiana tabacum, it reduced the toxic effects of H 2 O 2 and generated drought tolerance (Badawi et al., 2004) . There was also an enhancement in their tolerance to salt stress. UV-B radiation increased APX activity in Arabidopsis thaliana (Rao et al., 1996) . The activity of APX positively correlated with Pb treatment in Eichhornia crassipes (water hyacinth) seedlings (Malar et al., 2014) . Roychoudhury et al. (2012c) reported that the activities of antioxidative enzymes like GPX and APX increased both in IR-29 (salt-sensitive) and Nonabokra (salt-tolerant) rice varieties during CdCl 2 stress; however, the activity was more enhanced in Nonabokra. The CAT activity during Cd stress showed a different trend, with a marked decrease in IR-29, while marked increase in Nonabokra at higher Cd concentration. The activity of peroxidase and CAT increased progressively with the increase in CdCl 2 concentration in Vigna radiata (Roychoudhury and Ghosh, 2013) . Vaccinium myrtillus L. is regarded as a species which is a successful colonist of acidand heavy metal-contaminated soil. Upon analysis of the antioxidant response of this plant from heavily polluted sites (immediate vicinity of zinc smelter, iron smelter and power plant), it was found that the contents of GSH, non-protein thiols, proline and activity of GPX were elevated. The GPX activity seemed to be universal, sensitive and correlated well with heavy metal stress (Kandziora-Ciupa et al., 2013) . Overexpression of MDHAR in tobacco (Eltayeb et al., 2007) and DHAR in Arabidopsis (Ushimaru et al., 2006) resulted in improved salt tolerance. Stressed rice seedlings displayed increased activity of the enzymes MDHAR, DHAR and GR, all of which are involved in the regeneration of AA (Sharma and Dubey, 2005a,b) . Under salt stress, APX and GR activities were found to be higher in salt-tolerant cultivars of potato, while being markedly diminished in salt-sensitive varieties. This sensitivity was attributed to the reduction of APX and GR activity during saline conditions (Aghaei et al., 2009) . Marked drought-induced increase in GPX activity was noted in both the sensitive rice varieties IR-29 and Pusa Basmati (Basu et al., 2010a) . Exogenous application of AA to wheat cultivars resulted in higher chlorophyll contents, net photosynthesis and growth, compared to the non-treated plants challenged with drought stress (Malik and Ashraf, 2012) . It has also been seen that priming Carthamus tinctorius seeds with AA significantly relieved the harsh effects of drought stress on seedling growth (Razaji et al., 2012) . When AA was exogenously applied, prior to and during salt stress in tomato seedlings, it helped expedite the recovery process and ensured long-term survival (Shalata and Neumann, 2001) . AA also helped to relieve oxidative damage in wheat, by improving photosynthetic capacity and sustaining ion homeostasis (Athar et al., 2008) . The greater susceptibility of the sensitive varieties IR-29 and Pusa Basmati to water scarcity was also reflected by considerable decrease in GSH/GSSG ratio, as compared to the tolerant variety Pokkali (Basu et al., 2010b) . Both AA and GSH were found to have enhanced levels in salt-tolerant cultivar Pokkali than in the sensitive cultivar Pusa Basmati (Vaidyanathan et al., 2003) . Arsenic (III) significantly decreased the GSH content in rice roots, due to its conversion to phytochelatins. The GSH supplementation resulted in partial protection against arsenic stress, reducing the MDA content and restoring the seedling growth of arsenic (V) exposed seedlings (Roychoudhury and Basu, 2012) . GSH was also found to lessen the oxidative damage in rice chloroplasts caused due to salinity stress (Wang et al., 2014) . Under low UV-B doses, increases in AA and GSH pools, as well as AA regeneration ability functioned to keep the balance of cellular H 2 O 2 (Roychoudhury and Basu, 2012) . Studies on heat-acclimated vs. non-acclimated cool season turfgrass species suggested that the former had lower production of ROS, as a result of enhanced synthesis of AA and GSH. In wheat, it was established that heat stress induced the accumulation of GSH levels and increased the activity of the enzymes involved in GSH synthesis and the GSH/GSSG ratio (Hasanuzzaman et al., 2013) . When transgenic tobacco overexpressing Arabidopsis VTE1 (encoding tocopherol biosynthesis enzyme) were subjected to drought conditions, they showed decreased LPO, electrolyte leakage and H 2 O 2 content, but had increased chlorophyll compared with the wild type (Liu et al., 2008) . Arabidopsis vte1 and vte4 mutants lacking α-tocopherol are particularly sensitive to salt stress, as evident by their reduced growth and increased oxidative stress. This is because α-tocopherol maintains the cellular Na + /K + homeostasis and hormonal balance (Ellouzi et al., 2013) . Acute exposure of UV-B leads to decrease in α-tocopherol levels in plants, possibly reflecting reactions with lipid radicals (Jain et al., 2003) . In drought-resistant plants, the number of carotenoid molecules per chlorophyll unit increased under drought stress, thus providing photo-protection from oxidative damages (Munné-Bosch and Alegre, 2000) . Water deficit, induced by 20% polyethylene glycol (PEG 6000) treatment to rice seedlings led to increment in antioxidants like flavonoids and phenolics, which were several folds higher in the tolerant cultivar Pokkali, as compared to the sensitive varieties like IR-29 and Pusa Basmati (Basu et al., 2010a) . The two isolines of soybean cv. Clark, the normal line with moderate levels of flavonoids and the magenta line with reduced flavonoid levels, were grown in the field with or without natural levels of UV-B. Solar UV-B radiation caused oxidative stress in both the lines and altered ROS metabolism, primarily by decreasing SOD activity and increasing the activities of APX, CAT, and GR. This resulted in decreased AA content and increased DHA content. The magenta line had greater oxidative stress than the normal line, in spite of its enhanced oxidative defense capacity as compared to the normal line, even under UV-B exclusion. These results indicate enhanced sensitivity in the magenta line, especially under UV-B exclusion that was likely due to the absence of flavonoid epidermal screening compounds and subsequent increased penetration of solar ultraviolet radiation into the leaf (Xu et al., 2008) . Proline, an osmoprotectant as well as a sink for energy to regulate redox potentials, was found to have increased accumulation in drought-tolerant cultivars of chickpea than sensitive cultivars under both control and drought stress conditions (Mafakheri et al., 2010) . In case of rice seedlings, exposed to high salt stress (200 mM NaCl), the antioxidants like anthocyanin and proline showed the highest level in the salt-tolerant cultivar Nonabokra, as compared to the salt-sensitive cultivars like M-1-48 and Gobindobhog (Roychoudhury et al., 2008) . The content of flavonoids and proline were also found to be enhanced in salt-tolerant cultivars of indica rice than in the salt-sensitive cultivars, as evident by the reduced membrane damage caused by LPO (Chutipaijit et al., 2009 ).
CONCLUSION
The ROS plays the double role of being the inevitable by-product of aerobic metabolism on one hand and serving as a marker during stressful conditions on the other hand. They not only serve as agents of damages in plants, but also trigger stresssignaling components to prevent further damages. ROS synthesis is widespread, with production sites being present in both intracellular and extracellular locations. The damage caused by ROS is extensive and the targets include all biomolecules like lipids, proteins and DNA, damaging the integrity of the cell and ultimately leading to its death. However, evolution has equipped plants with a wider range of defense measures which include changes at the morphological, metabolic and genetic level to adapt to the adverse environmental conditions. This review gives an insight into how both arms of the antioxidant machinery; the antioxidant enzymes and the non-antioxidant metabolites, work in conjunction to alleviate the damaging effects of ROS and develop tolerance against various environmental stress conditions. Although significant progress has been achieved in recent years, there are still ambiguities and gaps in our understanding of ROS formation and how they affect plants, primarily due to their short half-life and highly reactive nature. Although the highly compartmentalized nature of antioxidants is well defined, the sensing and response mechanism as well as the control of the delicate balance between production and scavenging need to be better explored. Several issues remain unanswered, like the interaction between ROS and calcium signaling and the regulation of ROS during multiple environmental stresses. In future, advanced imaging techniques like the markers for Ca 2+ imaging can lead to better understanding of ROS metabolism. Advanced functional genomics, coupled with proteomics and metabolomics will offer detailed insights into ROS network and its related responses. There is no doubt that transgenic approach for overexpression of antioxidant gene cassettes can lead to enhanced tolerance to multiple stresses in future (Oztetik, 2012) .
